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I. INTRODUCTION 

A high temperature f u e l  c e l l  us ing  a z i r con ia  ceramic e l e c t r o l y t e  is 
being developed because of i ts  p o t e n t i a l  f o r  genera t ing  e l e c t r i c  power wi th  high 
e f f i c i ency  by r eac t ing  oonventional hydrocarbon f u e l s  wi th  oxygen from a i r .  
c e l l  c o n s i s t s  of t h r e e  l a y e r s  -- an e l e c t r o n i c a l l y  conducting a i r  e l ec t rode  -- t h e  
e l e c t r o l y t e  which a t  1000°C i s  a good oxygen ion conductor and the  f u e l  e l ec t rode ,  
another good e l e c t r o n i c  conductor. 
from the  a i r  e l ec t rode  t o  form oxygen ions. These a r e  conducted through the  e lec-  
t r o l y t e  t o  r e a c t  with the  f u e l  gases de l ive r ing  e l ec t rons  t o  t h e  f u e l  e lec t rode .  
Oxidation of t he  fue l  is con t ro l l ed  by the  flow of e l ec t rons  through t h e  ex te rna l  
e l e c t r i c a l  load connected between the  two e lec t rodes .  

Each 

Oxygen from the  a i r  stream picks  up e l ec t rons  

E lec t ron ica l ly  conducting oxides a r e  being s tudied  a s  poss ib l e  a i r - e l ec -  
t rodes  f o r  t hese  fue l  c e l l s .  A c l a s s  of oxides has been i d e n t i f i e d  which: (1) 
disp lay  high e l e c t r o n i c  conduct iv i ty ,  (2) are compatible wi th  t h e  ceramic e l ec t ro -  
l y t e ,  (3) a r e  s t a b l e  i n  a i r  atmospheres a t  the  f u e l  c e l l  opera t ing  temperatures -- 
1000°C, and (4) a r e  r e l a t i v e l y  inexpensive. Coatings of these  m a t e r i a l s  have been 
applied t o  e l e c t r o l y t e  t e s t  samples and the  vol tage  lo s ses  (po la r i za t ion )  assoc ia ted  
wi th  t h e i r  opera t ion  as a i r  e l ec t rodes  measured. These t e s t s  i d e n t i f y  indium oxide, 
In2O3, doped wi th  t i n ,  antimony, o r  t e l lu r ium,  and t i n  d ioxide ,  SnO2, doped wi th  
antimony o r  te l lur ium as poss ib l e  e l ec t rode  mater ia l s .  
e s p e c i a l l y  promising i n  view of the  s i m i l a r i t y  of i t s  c r y s t a l  s t r u c t u r e  and thermal 
expansion p rope r t i e s  t o  those of the e l e c t r o l y t e .  

Indium oxide appears 

11. ELECTRICAL CONDUCTIVITY IN TIN AND INDIUM OXIDES 

I n  s t ann ic  oxide (SnOZ) the  two 5s e lec t rons  and the  two 5p e l ec t rons  of 
t he  t i n  a r e  bonded wi th  the  2p e l ec t rons  of the  oxygen. 
3.5 and 4.2 e l e c t r o n  v o l t s  e x i s t s  between t h e  valence and conduction band assoc ia ted  
wi th  t h i s  conf igura t ion .  ( 1 ~ 2 )  
enhanced by the  add i t ion  of antimony donor atoms. 
mony-doped tin-oxide f i l m  have shown t h a t  a t ,  and above, l i q u i d  n i t rogen  tempera- 
t u r e s  each antimony atom i s  ionized. 
percent ,  Loch's(4) conduct iv i ty  versus  temperature measurements i n d i c a t e  that t h e  
number of i n t r i n s i c  conduction e l e c t r o n s  and e l ec t rons  cont r ibu ted  from l a t t i c e  
d e f e c t s  can be neglected i n  comparison t o  those p r w i d e d  by the  antimony donors. 
The e f f e c t s  of even l a r g e r  antimony donor concent ra t ions  on e l e c t r i c a l  conduct iv i ty  
have been reported by Hochel.(5) H i s  r e s u l t s  (Figure 1) i n d i c a t e  t h a t  t h e  coladuc- 
t i v i t y  inc reases  wi th  increas ing  antimony content  up t o  1 weight percent  Sb2O3 and 
then decreases  with f u r t h e r  antimony addi t ions .  
were obtained a t  roan temperature wi th  optimum antimony concent ra t ion .  

An energy gap of between 

The i n t r i n s i c  conduct iv i ty  of s t a n n i c  oxide i s  
Measurements by Imai(3) on a n t i -  

A t  antimony concent ra t ions  a b w e  1 x mole 

R e s i s t i v i t i e s  of 7 x ohm-cm 

I n  indium oxide (In203),  t he  5s and 5p valence e l e c t r o n s  of two indium 
atoms are bonded with the  2p e l ec t rons  of t h ree  oxygen atome. A n  mer8 gap of 3.1 
t o  3.5 e l e c t r o n  v o l t s  e x i s t s  between the  valence and conduction bands. Wether 
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observes  room temperature r e s i s t i v i t i e s  of 0.2-3 ohm-centimeters in r e l a t i v e l y  pure ,  
s i n g l e  c r y s t a l  samples. 
t h e  indium oxide c r y s t a l  l a t t i c e .  These atoms act  as donors, cont r ibu t ing  e lec t rons  
t o  a conduction band a t  room temperature. 
r e s i s t i v i t y  depends on the  concent ra t ion  of donor ions i n  t h e  starting so lu t ions  
from which these  e l e c t r o d e  f i l m s  w e r e  prepared. 
were reduced t o  less t h a n  7 x ohm cent imeters  a t  room temperature. As i n  t i n  
oxide,  t h e  donor atoms i n  In203 a r e  completely ionized at  room temperature and the 
temperature c o e f f i c i e n t  of r e s i s t i v i t y  is determined by t h e  predominant e l e c t r o n  
s c a t t e r i n g  mechanism. (7)  A t  1000°C, r e s i s t i v i t i e s  of about  ohm-cm were 
observed with optimum t i n  doping. 

Tin,  antimony and te l lur ium w i l l  s u b s t i t u t e  f o r  indium i n  

Figure 2 shows how t h e  room temperature 

With optimum doping, r e s i s t i v i t i e s  

The oxides of  indium and t i n  (In203 and SnOp) when appropr ia te ly  doped 
e l e c t r i c a l  r e s i s t i v i t i e s  a t  f u e l  c e l l  opera t ing  temperatures of the  order  ",s!t'r ok-cm. They can be  e a s i l y  appl ied i n  th icknesses  up t o  

of indium oxide and 
below one ohm can be achieved wi th  e i t h e r  of these  materials. 
t o  make a t t r a c t i v e  e l e c t r o d e s .  

cm i n  t h e  case 
cm i n  t h e  case of t i n  oxide. Res is t iv i ty / th ickness  values 

This is low enough 

111. APPLICATION OF T I N  OXIDE AND INDIUM OXIDE ELECTRODE F I N  
TO ZIRCONIA ELECTROLYTES 

These oxide e l e c t r o d e  materials are e a s i l y  appl ied  t o  z i r c o n i a  e lec t ro-  
l y t e s  by a vapor deposf t ion  process. Di lu te  hydrochlor ic  a c i d  s o l u t i o n s  of s tannic  
c h l o r i d e  mixed with a p p r o p r i a t e  amounts of antimony c h l o r i d e  ( o r  indium t r i c h l o r i d e  
mixed wi th  s t a n n i c  ch lor ide)  a r e  sprayed i n t o  a furnace which suppl ies  s u f f i c i e n t  
h e a t  t o  vaporize the  r e a c t a n t  stream. 
d e p o s i t i o n  furnace where, on contac t ing  t h e  heated e l e c t r o l y t e , c o a t i n g s  of t i n  oxide 
o r  indium oxide are depos i ted .  
t h e  vapor through t h e  d e p o s i t i o n  system. 
var ious  r e a c t a n t s ,  of t h e  c a r r i e r  gas  flow r a t e ,  and of t h e  h e a t  inputs  and tempera- 
t u r e s  of t h e  var ious  furnaces  a s s u r e s  reproducible  f i l m  c h a r a c t e r i s t i c s .  
ing  cons idera t ions  apply t o  t h e  e lec t rode  a p p l i c a t i o n  process: (1) The vaporizat ion 
furnace temperature and h e a t  input  must be s u f f i c i e n t l y  high t o  ensure vaporizat ion 
of t h e  r e a c t a n t s ,  i t  must be  kept  below a va lue  which w i l l  cause t h e  formation of 
s i g n i f i c a n t  q u a n t i t i e s  of the oxide i n  t h e  gas  stream, i.e., t h e  vapor phase reac- 

The vapor stream is then c a r r i e d  i n t o  a 

E i t h e r  an i n e r t  g a s  o r  a i r  can be  used t o  t ranspor t  
Control  of t h e  concent ra t ions  of t h e  

The follow- 

, t i o n  of 

2 InC13 + 3 H 2 0  + In203 + 6 HC1 

SnC14 + 2 H20 + Sn02 + 4 HC1 o r  

must be avoided. 
our  experiments t h e  optimum v a p o r i z a t i o n  temperature  f o r  t h e  d e p o s i t i o n  of t i n  oxide 
f i l m s  w a s  between 325 and 43OOC. 
t i o n  furnace temperatures between 850 and 950°C were used. 
nace temperature m u s t  b e  s u f f i c i e n t  t o  promote the oxida t ion  r e a c t i o n s  mentioned 
above on t h e  s u b s t r a t e  b u t  must i n h i b i t  apprec iab le  vapor phase reaction. 
t i o n  furnace temperat-treeof 700-75OoC were used i n  our experiments with Sn02 and 
1000°C i n  our  experiments w i t h  In20 . 
Figure 4 t h e  appearance of a t y p i c a j  indium oxide f i l m  appl ied  by t h i s  process. 

For t h e  furnace  conf igura t ion  and r e a c t a n t  concent ra t ions  used i n  

For t h e  d e p o s i t i o n  of Indium oxide films, vaporiza- 
(2) The depos i t ion  fur- 

Deposi- 

Figure 3 shows t h e  d e p o s i t i o n  apparatus  and 

IV. STABILITY OF ELECTRODE F I W  I N  A I R  AT 1000°C 

Thermodynamic c o n s i d e r a t i o n s  show that t h e  l o s s  of material from an SnO2. 

atmosphere of SUO 
e l e c t r o d e  f i l m  i n  an a i r  atmosphere would most l i k e l y  occur  through gradual  decompo- 
s i t i o n  t o  t h e  gaseous monoxide-Sn0.(8) 
Over Sn02 at  1000°C is i n d i c a t e d .  

A vapor  p r e s s u r e  of 
Rough es t imates  of t h e  rate of  material l o s s  
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through s a t u r a t i o n  of t h e  f u e l  c e l l  a i r  supply w i t h  SnO i n d i c a t e  t h a t  an e lec t rode  
l i f e  of over f i v e  years  can be an t ic ipa ted .  
e l e c t r o d e  mater ia l .  

T in  oxide appears  t o  be  a s t a b l e  a i r  

Experimental de te rmina t ions  of t h e  equi l ibr ium pressures  e x i s t i n g  over 
indium oxide (In203) a t  1000°C i n d i c a t e  t h a t  a decomposition t o  t h e  gaseous sub- 
oxide (In20) i s  the  most l i k e l y  cause f o r  l o s s  of t h i s  e l e c t r o d e  mater ia l .  
oxygen p a r t i a l  p ressure  of 2 x 10-8 atmosphere over  t h e  In203 t h e  In20 vapor pressure 
is 4 x 
atmasphere 
t i o n  t o  In20 would be i n h i b i t e d  and a vapor pressure  of 
expected. 
f o r  t h e  a i r  e lec t rode .  

W i t h  an 

atmospheres.(g) I n  t h e  presence of a n  oxygen pa r t i a l  pressure  of 0.2 
corresponding t o  one atmosphere of a i r  over t h e  e l e c t r o d e ,  decomposi- 

a t m .  of In20 would be  
In203 appears t o  be even more s t a b l e  t h a t  t i n  oxide and should be s u i t a b l e  

These cons idera t ions  do not  give any i n d i c a t i o n  of t h e  p o s s i b l e  l o s s  of 
Since l o s s  of  t h e  doping agent  would cause t h e  doping agent  from t h e  oxide f i lm.  

increases  i n  t h e  r e s i s t i v i t y  of t h e  f i l m m a t e r i a l ,  tests have been made i n  which 
pe/6 
one gonth there  were no measurable changes w i t h  e i t h e r  e l e c t r o d e  mater ia l .  

was measured as a func t ion  of t i m e  of  e l e c t r o d e  operat ion.  I n  test per iods of 

V. STABILITY OF THE ELECTRODE F I M  IN CONTACT WITH ZIRCONIA ELECTROLYTE 

A. Stannic  Oxide (Sn02) Films 

Stannic  oxide c r y s t a l l i z e s  with t h e  t e t r a  onal  structure.('') The material 

cm 
has a c o e f f i c i e n t  of thermal expansion of 4.5 x lo-% cm/cm - "C which is  rou hly one 
h a l f  t h a t  of t h e  e l e c t r o l y t e .  Films having thicknesses  between 10-4 and 
have been successfu l ly  appl ied  to  the e l e c t r o l y t e  by t h e  thermal decomposition of 
t in -ch lor ide  so lu t ions .  
thermal cyc l ing  between room temperature  and 1000°C. c m  
i n  th ickness  develop tensile stresses i n  e l e c t r o l y t e s  of 0.1 cm th ickness  which are 
s u f f i c i e n t  t o  crack the  e l e c t r o l y t e  when t h e  samples are cooled to  room temperature. 

These f i l m s  have adhered w e l l  and have withstood repeated 
Films which exceed 3 x 

Studies  of  s o l i d  s t a t e  r e a c t i o n s  between SnO2 and ZrO2 have been made by 
S t & k e r . ( l l )  H e  f i n d s  a s o l u b i l i t y  of Z r 0 2  i n  SnOp of 19 pp 100 moles between 800 
and 1300°C and a s o l u b i l i t y  of  SnO2 i n  monoclinic Zr02 of  9 pp 100 moles a t  800'C. 
Experiments ind ica ted  no observable  s i n t e r i n g  of one-micron t in-oxide powders t o  
e l e c t r o l y t e  d i s c s  a f t e r  hea t ing  f o r  f a r  hours  a t  1400°C. A t  1600°C, however, t h e  
r e a c t i o n  proceeded r a p i d l y  and a f t e r  20 minutes of exposure t h e  e l e c t r o l y t e  mater ia l  
had become frangible .  This  observa t ion  agrees  w i t h  St&ker's conclusions that addi- 
t i o n s  of SnO2 tend t o  d e s t a b i l i z e  cubic  z i rconia .  
e l e c t r o l y t e  could be seen  on photomicrographs of t i n  oxide c o a t e d , e l e c t r o l y t e  t e s t  
specimens a f t e r  400 hours  of e l e c t r o d e  opera t ion  a t  1000°C. 
oxide e l e c t r o d e s  formed from t h e  c h l o r i d e s  are s u f f i c i e n t l y  s t a b l e  i n  contact with 
t h e  e l e c t r o l y t e  t o  make u s e f u l  e l e c t r o d e  s t r u c t u r e s .  

No evidence of alteration of t h e  

It appears  that t i n  

B. Indium Oxide Films 

Indium oxide C r y s t a l l i z e s  i n  T1203 s t r u c t u r e , ( l O )  a deformed cubic  f l u o r i t e  
c r y s t a l  i n  which three- four ths  of the f l u o r i n e  p o s i t i o n s  are occupied by oxygen. t h e  
remainder remaining vacant. 
10.118 a a t  26°C. This matches w e l l  wi th  t h e  similar spacing i n  c u b i c  z i rconia:  
2a0 = 2 x 5.10 61 - 10.20 61. 
and p o l y c r y s t a l l i n e  samples have been measured by Wether and Ley( 2) over t h e  tem- 
pera ture  range 0-700°C. Over t h i s  range the l i n e a r  thermal expansion motches that 
of cubic  z i r c o n i a  (Figure 5). 
between room temperature and 1000°C, with or without  e l e c t r o d e  opera t ion  a t  t h e  high 
temperature, have been appl ied  t o  the e l e c t r o l y t e  by vapor depos i t ion .  

Wyckoff t a b u l a t e s  t h e  l a t t i ce  parameter as: 

The linear thermal expansion of In20 

a. = 

1 
Adherent oxide l a y e r s  t h a t  withstand thermal cyc l ing  

Only vhen 



t h e  indium oxide layer  exceeded 9 x c m  i n  th ickness  was loosening of the elec- 
t rode f i lm from the e l e c t r o l y t e  s u b s t r a t e  noted. 

To determine whether  t h e  e l e c t r o l y t e  and indium oxide would i n t e r a c t  when 
held f o r  long times a t  e leva ted  temperatures, a s e r i e s  of experiments were made i n  
which y t t r i a - s t a b i l i z e d  z i r c o n i a  e l e c t r o l y t e  tes t  wafers were imbeded i n  one micron 
indium-oxide powder and heated a t  var ious temperatures between 14OO0C and 1920'C for  
20 minutes i n  an a i r  atmosphere. 
i n t e r a c t i o n  could be  d e t e c t e d .  
Liquid formation i n  t h e  v i c i n i t y  of 1600°C was observed i n  these  tests. 

Below 1500°C no s i n t e r i n g  or o t h e r  evidence of 
Above 1500°C cons iderable  r e a c t i o n  took place. 

S in te r ing  f o r  twelve hours a t  1400°C without  d e t e c t a b l e  i n t e r a c t i o n  make 
i t  appear t h a t  In203 e l e c t r o d e  f i lms  appl ied by vapor depos i t ion  o r  s i m i l a r  l o w  
temperature processes w i l i  be  s t a b i e  i n  c o n t a c t  w i t h  the e l e c t r o l y t e  under f u e l  c e l l  
opera t ing condi t ions.  

V I .  POLARIZATION BEHAVIOR AND ELECTRODE TO ELECTROLYTE CONTACT 
RESISTANCE LOSSES OF Sn02 AND OF In203 ELECTRODES 

Vapor depos i ted  t i n  and indium oxide e lec t rode  f i lms  were operated as 
e lec t rodes  car ry ing  out  t h e  a i r  e l e c t r o d e  reac t ion :  

The vol tage losses  a s s o c i a t e d  with car ry ing  out  t h i s  process  were measured using the 
e lec t rode  t e s t e r  and monitor ing t h e  e l e c t r o d e  t o  e l e c t r o l y t e  v o l t a  e as a funct ion 
of e l e c t r o d e  cur ren t  d e n s i t y .  The c u r r e n t - i n t e r r u p t i o n  technique(k)  w a s  used t o  
separa te  t h e  ohmic l o s s e s  assoc ia ted 'wi th  oxygen i o n  t r a n s p o r t  i n  the  e l e c t r o l y t e  
and t h e  e lec t rode  t o  e l e c t r o l y t e  contac t  r e s i s t a n c e  from non-ohmic, "polar iza t ion" ,  
vo l tage  l o s s e s ,  

The e l e c t r i c a l  behavior  of a t y p i c a l  indium oxide e l e c t r o d e  f i l m  i n  i t s  
" a s  deposited" condi t ion  is shown i n  Figure 6. P o l a r i z a t i o n  vol tage  drops increase 
very rap id ly  with e l e c t r o d e  cur ren t .  
en t  of the  vol tage (50 m i l l i v o l t s )  agrees  very wel l  with t h e  expected ohmic cont r i -  
but ion from the e l e c t r o l y t e  i o n i c  r e s i s t a n c e  -- i n d i c a t i n g  a n e g l i g i b l e  e lectrode-  
t o - e l e c t r o l y t e  contac t  r e s i s t a n c e .  The c h a r a c t e r  of  the decay of  the polar iza t ion  
vol tage  drop,  as shown by t h e  c u r r e n t - i n t e r r u p t i o n  osci l lograms,  changes when t h e  
p o l a r i z a t i o n  vol tage exceeds approximately 700 m i l l i v o l t s .  The volt-ampere curve 
becomes almost p a r a l l e l  t o  t h e  ohmic r e s i s t a n c e  d isp laced  by t h e  700 m i l l i v o l t  
p o l a r i z a t i o n .  The time c o n s t a n t  of p o l a r i z a t i o n  decay i s  long and depends upon the 
length of t i m e  t h e  e l e c t r o d e  has  been operated. A p a r t i a l  electrochemical-reduction 
O f  t h e  In203 e lec t rode  i s  apparent ly  responsible .  The long decay of t h e  polar iza t ion  
r e s u l t s  from the reoxida t ion  of the  p a r t i a l l y  reduced f i l m  when c u r r e n t  flow i s  i n t e r -  
rupted. 

vious t o  t h e  passage of oxygen t h a t  high p o l a r i z a t i o n  vol tage  drops occur a t  even 
low c u r r e n t  d e n s i t i e s  (oxygen dernands). 
chemical breakdown of t h e  indium oxide f i lm occurs  is  inverse ly  propor t iona l  t o  the 
e lec t rode  thickness  (Figure 7). 

A t  100 m a  (77 ma/cm2) t h e  p o l a r i z a t i o n  compon- 

Apparently, t h e  "as deposited" indium oxide f i l m s  a r e  s u f f i c i e n t l y  imper- 

The value of t h e  c u r r e n t ,  a t  which electro-  

Some treatment  must be  employed t o  y i e l d  e l e c t r o d e s  capable  of high 
c u r r e n t  d e n s i t i e s  with l o v  p o l a r i z a t i o n  losses .  For tuna te ly ,  a simple " reverse  
cur ren t"  t reatment  of t h e  e l e c t r o d e  f i l m  r e s u l t s  i n  g r e a t l y  improved performance. 
Reverse cur ren t  t rea tment  c o n s i s t s  simply of applying a vol tage  a c r o s s  t h e  clec- 
trade-electrolyte i n t e r f a c e  w i t h  t h e  indium oxide made p o s i t i v e  wi th  respec t  t o  the 
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e l e c t r o l y t e .  
toward t h e  e l e c t r o l y t e - e l e c t r o d e  i n t e r f a c e .  
Pressure is developed under t h e  e lec t rode  f i l m  which opens oxygen pa ths  through the  
previously t i g h t  film. 
p o l a r i z a t i o n  vol tage  losses are g r e a t l y  reduced. Some increase  i n  t h e  e lec t rode  t o  
e l e c t r o l y t e  contac t  r e s i s t a n c e  may accompany t h e  reverse c u r r e n t  treatment. 

Under these  condi t ions  oxygen is t ranspor ted  through t h e  e l e c t r o l y t e  
It may be theor ized  t h a t  an oxygen 

When t h e  e lec t rode  is operated i n  t h e  normal d i r e c t i o n ,  

Figure 8 compares t h e  volt-ampere c h a r a c t e r i s t i c s  of a t y p i c a l  e lec t rode  
f i l m  before  and a f t e r  reverse  c u r r e n t  treatment. 
e l e c t r o d e  t o  e l e c t r o l y t e  vol tage  drop has increased from the  ca lcu la ted  value of the  
e l e c t r o l y t e  cont r ibu t ion ,  0.48 ohm, t o  0.67 ohm while  t h e  p o l a r i z a t i o n  component has  
dropped from 730 mv t o  150 mv a t  a c u r r e n t  d e n s i t y  of 380 ma/cm2. A t  a c u r r e n t  den- 
s i t y  of 770 ma/cm2 the p o l a r i z a t i o n  component of t h e  v o l t a g e  l o s s  is 220 mv. 

The r e s i s t i v e  component of the  

The p o l a r i z a t i o n  c h a r a c t e r i s t i c s  i n  oxygen of f i v e  vapor deposi ted elec-  
t rodes  a f t e r  reverse  c u r r e n t  t reatment  are shown i n  Figure 9 .  The e lec t rodes  cover 
a range of e lec t rode  weights  from 8 t o  37 mil l igrams per  square cent imeter  of e lec-  
t r o l y t e  coverage. 
cent imeter  per  c m  t o  0.4 ohm cm/cm.) 
value between 30-90 mv a t  100 ma/cm2 t o  between 120-230 mv a t  1000 ma/cm . 
l imi t ing-cur ren t  type of p o l a r i z a t i o n  behavior  is displayed suggest ing t h a t  f u r t h e r  
e f f o r t s  t o  increase  t h e  permeabi l i ty  of the  e l e c t r o d e  f i l m  t o  oxygen may be expected 
t o  y i e l d  lower p o l a r i z a t i o n s .  Tin oxide f i l m s  performed less s a t i s f a c t o r i l y .  The 
f i lms  t e s t e d  experimental ly  displayed e l e c t r o d e  r e s i s t i v i t y / t h i c k n e s s  parameters of 
t h r e e  ohms. 
doping of the  e lec t rode ,  should make pe/6, va lues  less than  one ohm a t t a i n a b l e . )  
High va lues  of pe/6, i n  e l e c t r o d e  coa t ings  r e s u l t s  i n  a non-uniform c u r r e n t  dens i ty  
d i s t r i b u t i o n  i n  t h e  tes t  samples. This complicates t h e  i n t e r p r e t a t i o n  of polar iza-  
t i o n  losses .  
those reported f o r  In203 f i l m s  (perhaps even somewhat lower due t o  t h e  tendency of 
t h e  SnOg f i lms  t o  c r a z e  under t h e  d i f f e r e n t i a l  thermal expaneion s t r e s s e s )  but t h a t  
contac t  r e s i s t a n c e s  between e l e c t r o d e  and e l e c t r o l y t e  were apprec iab ly  higher. It 
appears  t h a t  t h e  e lec t rode  performance could be  s i g n i f i c a n t l y  improved through the  
use of b e t t e r  a p p l i c a t i o n  techniques, optimized doping, and t h e  use of a porous 
s t r u c t u r e  . 

(This corresponds t o  a range of  opera t ing  pe/6, from 2.6 ohm 
P o l a r i z a t i o n s  are seen t o  increase  Irom a 

A 

(Improvements i n  f i l m  a p p l i c a t i o n  techniques toge ther  wi th  optimized 

The experiments ind ica ted  t h a t  p o l a r i z a t i o n  l o s s e s  were comparable with 

VII. CONCLUSIONS 

Indium sesquioxide.doped wi th  t in ,  antimony, andfor  tellurium.was found 
t o  be a promising a i r  e l e c t r o d e  f o r  s o l i d  e l e c t r o l y t e  f u e l  c e l l s  opera t ing  at  1000°C. 
The m a t e r i a l  is s t a b l e  i n  a i r  and i n  contac t  wi th  t h e  e l e c t r o l y t e .  It can be 
e a s i l y  appl ied i n  f i l m s  having a r e s i s t i v i t y / t h i c k n e s s  parameter a s  low as 0.2 
ohm-cm/cm a t  t h e  opera t ing  temperature. 
"as  deposited" f i l m s  a r e  high, a simple reverse  c u r r e n t  t reatment  reduces polar iza-  
t i o n  l o s s e s  t o  150-250 mv a t  1000 ma/cm2. Increas ing  t h e  p o r o s i t y  of  t h e  In O3 f i lms  
f u r t h e r  reduces t h e  a i r  e l e c t r o d e  poa l r iza t ion .  Elec t rodes  of t h e  doped indium 
oxide have operated f o r  over  1100 hours a t  a c u r r e n t  d e n s i t y  of 770 ma/cm2 wi th  
p o l a r i z a t i o n  vol tage  l o s s  of 50 mv, cons tan t  e l e c t r o d e  r e s i s t i v i t y  t thickness  para- 
meter, and wi th  no measurable contac t  r e s i s t a n c e  t o  t h e  e l e c t r o l y t e  (Figure 10). 

Although p o l a r i z a t i o n  v o l t a g e  losses  of t h e  

Tin oxide doped wi th  antimony o r  t e l l u r i u m  can also be  appl ied t o  z i r c o n i a  , 
e l e c t r o l y t e s  by the thermal decomposition of aqueous s o l u t i o n s  of t i n  and antimony 
o r  te l lur ium chlor ide .  
t h e  f u e l  cel l .  Despi te  a lover c o e f f i c i e n t  of thermal expansion, t i n  oxide f i lms 
withstand repeated thermal c y c l i n g  between room temperature and 1000°C. 
operated a s  e l e c t r o d e s ,  a weakening of t h e  e l e c t r o d e  t o  e l e c t r o l y t e  bond occurs and 
and t h e  e l e c t r o d e  f l a k e s  o f f  a s  i t  is  subsequently cooled through t h e  range 800-600°C. 
I f  t i n  oxide is t o  be  used as a n  e l e c t r o d e  i n  p r a c t i c a l  devices ,  some method must be 
developed t o  keep t h e  e l e c t r o d e  a t tached  t o  t h e  e l e c t r o l y t e  d u r i n g  cooling. 

The f i lms  a r e  s t a b l e  a t  t h e  1000°C opera t ing  temperature of 

When 



These m a t e r i a l s  a r e  s u i t a b l e  a s  a i r  e l ec t rodes .  They promise t o  play an 
important r o l e  i n  making p r a c t i c a l  s o l i d  e l e c t r o l y t e  f u e l  c e l l  devices .  
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Fiq.5-A comparison of t h e  l inear  thermal  expansion character is t ics  of In203 and stabilized cubic  Z i rconia . . .  . .  
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Fig 6-Volt-amoere character is t ic  of I n d i u m  Sesquioxide a i r  electrode p r i o r  
to t reatment-showing t h e  n a t u r e  of t h e  polarization 
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